BACKGROUND: We analyzed the potential of abiraterone acetate (henceforth abiraterone) to reduce androgen levels below lower limits of quantification (LLOQ) and explored the association with changes in PSA decline in metastatic castration-resistant prostate cancer (mCRPC) patients. METHODS: COU-AA-301 is a 2:1 randomized, double-blind, placebo-controlled study comparing abiraterone (1000 mg q.d.) plus low-dose prednisone (5 mg b.i.d.) with placebo plus prednisone in mCRPC patients post docetaxel. Serum testosterone, androstenedione and dehydroepiandrosterone sulfate from baseline to week 12 were measured by novel ultrasensitive two-dimensional liquid chromatography coupled to tandem mass spectrometry assays in a subset of subjects in each arm (abiraterone plus prednisone, n ¼ 80; prednisone, n ¼ 38). The association between PSA response (p50% baseline) and undetectable androgens (week 12 androgen level below LLOQ) was analyzed using logistic regression. RESULTS: A significantly greater reduction in serum androgens was observed with abiraterone plus prednisone versus prednisone (all Pp0.0003), reaching undetectable levels for testosterone (47.2% versus 0%, respectively). A positive association was observed between achieving undetectable serum androgens and PSA decline (testosterone: odds ratio ¼ 1.54; 95% confidence interval: 0.546-4.347). Reduction of androgens to undetectable levels did not occur in all patients achieving a PSA response, and a PSA response did not occur in all patients achieving undetectable androgen levels. CONCLUSIONS: Abiraterone plus prednisone significantly reduced serum androgens, as measured by ultrasensitive assays and was generally associated with PSA response. However, androgen decline did not uniformly predict PSA decline suggesting ligandindependent or other mechanisms for mCRPC progression.
INTRODUCTION
Sources of androgens that contribute to progressive metastatic castration-resistant prostate cancer (mCRPC) despite medical castration with gonadotropin-releasing hormone agonists/antagonists include the tumor itself, due to upregulation of the androgen biosynthetic machinery, as well as the adrenal glands, 1,2 which are not affected by gonadotropin-releasing hormone agonist/ antagonist therapies. 3 Abiraterone acetate is metabolized to abiraterone, a selective, orally active inhibitor of 17a-hydroxylase/ 17,20-lyase (CYP17), a key enzyme in androgen biosynthesis that blocks testicular, adrenal and intratumoral androgen production. [4] [5] [6] [7] [8] In the phase III multinational, randomized, double-blind placebo-controlled COU-AA-301 study, abiraterone acetate plus prednisone significantly improved overall survival (OS) by 4.6 months compared with prednisone (hazard ratio ¼ 0.74; Po0.0001) in men with mCRPC progressing after docetaxel. 9 The results of COU-AA-301 led to regulatory approval of abiraterone acetate plus prednisone for use in mCRPC patients previously treated with docetaxel. This approval was recently expanded to include mCRPC patients who have not received prior chemotherapy, based on results of a subsequent phase III trial (COU-AA-302). 10 In a retrospective analysis of COU-AA-301, pretreatment serum androgen levels, measured using a novel ultrasensitive assay based on liquid chromatography and tandem mass spectroscopy, were prognostic of OS in mCRPC patients independent of whether they received abiraterone acetate plus prednisone or prednisone alone. 11 In the analysis, the median OS increased in a stepwise manner with increasing quartiles of serum testosterone. Given these findings, an investigation of the post-treatment changes in androgens in patients with available baseline and week-12 data is warranted to explore the extent to which serum androgen suppression and clinical outcome are associated. In the current study we further evaluate the effect of abiraterone acetate and prednisone on serum testosterone, androstenedione and dehydroepiandrosterone sulfate (DHEAS) levels in a subset of patients from the COU-AA-301 study using novel assays and explore the relationship between changes in androgen levels and PSA over time.
MATERIALS AND METHODS Subjects
The eligibility criteria and study design for the COU-AA-301 study (ClinicalTrials.gov identifier NCT00638690) have been described previously; 9, 12 details are provided in the Supplementary Information.
Study design and treatment
COU-AA-301 was a phase III, multinational, 2:1 randomized, double-blind placebo-controlled study of abiraterone acetate (1000 mg q.d. plus prednisone 5 mg orally b.i.d.) versus placebo plus prednisone in men with mCRPC progressing post docetaxel (subjects and study design are described in detail in the Supplementary Information and shown schematically in Supplementary Figure 1 ). 9, 12 The review boards at all participating institutions approved the study, which was conducted in accordance with the Declaration of Helsinki, the International Conference on Harmonisation and Good Clinical Practice guidelines. All patients provided written informed consent before participating in the study.
Androgen assays
Serum androgen levels were measured at baseline and at week 12 using liquid-liquid extraction or protein precipitation and two-dimensional liquid chromatography coupled to tandem mass spectrometry ([LC]-LC-MS/MS) by Endocrine Sciences, a Laboratory Corporation of America Company (Calabasas Hills, CA, USA), as described, 11 with details provided in the Supplementary Information.
Statistical analysis
The reduction in androgen levels from baseline to week 12 was compared between treatment arms using the Satterthwaite t-test, with statistical significance achieved at Pp0.05. Adjusted mean androgen levels at baseline and week 12 were also compared between the two arms using a mixed effects model, as androgen level (after log transformation) regressed on treatment, visit of sample collected and the interaction between treatment and time. The association between PSA response and undetectable androgen levels with adjustment for treatment was measured as an odds ratio (OR) using logistic regression, with an OR 41.0 favoring the group with undetectable androgens. No adjustment for multiple testing was used for this exploratory analysis. Association between androgen change (%) and PSA change (%) at week 12 was measured by Spearman's rank correlation coefficient.
RESULTS

Subjects
The COU-AA-301 study randomly assigned 1195 patients to study treatment: 797 to abiraterone acetate plus prednisone and 398 to prednisone. Baseline serum androgen levels were obtained in most patients 11 and in B10% of patients at week 12, a time point frequently used in mCRPC studies as a landmark for measuring response to therapy. 13 In this exploratory analysis, 118 patients with available serum androgen data at both baseline and week 12 from 48 trial sites located in the United States and Europe were evaluated, 80 (10.0%) in the abiraterone acetate plus prednisone arm and 38 (9.5%) in the prednisone arm. Patients with only baseline or week 12 androgen data were excluded from analysis. These patients were consecutively accrued and do not represent a selected population with characteristics different from those without 12-week androgens. As previously reported for the entire study cohort, baseline characteristics of the 118 patients were well balanced between treatment arms and were representative of the overall population (Supplementary Table 1 ). Of this subset of 118 patients, 71.1% had radiographic evidence of disease progression, 45.8% had significant pain present as evidenced by a score X4 on the 0-10 scale of the Brief Pain Inventory-Short Form and 32.2% had received two prior chemotherapies (including docetaxel) before study enrollment.
Baseline values
The mean serum androgen values in each group are presented in Table 1 . These values are similar to the baseline values used in a previous analysis of the relationship of baseline androgens to outcome from a data set of nearly all of the 1185 patients enrolled in the study. 11 Reduction in serum androgen The mean androgen levels declined in both treatment arms, and treatment with abiraterone acetate plus prednisone significantly reduced the mean serum androgen levels from baseline to week 12 compared with prednisone alone ( Table 1 and Figure 1 ). The mean serum testosterone was reduced by 90% in the abiraterone acetate plus prednisone arm compared with 49% in the prednisone arm (Po0.0001; Figure 1a ); serum androstenedione was reduced by 92% versus 20%, respectively (P ¼ 0.0003; Figure 1b ); and serum DHEAS was reduced by 86% versus 48%, respectively (P ¼ 0.0007; Figure 1c ). Comparable results were observed with back-transformed adjusted means in serum androgens estimated in a mixed-effects model ( Figure 2 ).
The proportions of patients with 30, 50 and 90% reductions in androgen levels at week 12, and the proportions achieving undetectable androgen levels (that is, below lower limits of quantification (LLOQ)), were substantially greater in the abiraterone acetate plus prednisone arm compared with the prednisone arm ( Table 2 ). More than 80% of patients in the abiraterone acetate plus prednisone arm had 90% reductions from baseline to week 12 in serum testosterone, androstenedione and DHEAS, whereas in the prednisone arm only one patient for either testosterone or androstenedione and two for DHEAS had this magnitude of serum androgen decrease. Furthermore, in the abiraterone acetate plus prednisone arm, 47, 30 and 58% of patients achieved undetectable serum testosterone, androstenedione and DHEAS levels at week 12, respectively. In comparison, none of the patients in the prednisone arm achieved undetectable serum testosterone or androstenedione levels, and only one patient (5.3%) had undetectable serum DHEAS.
Association of undetectable androgens with PSA response PSA response rates were substantially higher in the abiraterone acetate plus prednisone arm compared with the prednisone arm Excludes two patients with outlier (three times the interquartile range or greater than the third quartile) testosterone levels (62.9 and 309 ng dl À 1 ) at baseline in the abiraterone acetate plus prednisone arm. Similar results were obtained including the outliers: (baseline mean, range (s.e.), 10.8, 0.3-309.0 (4.19); week 12 mean (s.e.), 0.5 (0.15); % change from baseline, 90.5%).
in this subset of patients ( Week 12
Week 12
Abiraterone + prednisone Excludes two patients with outlier (three times the interquartile range or greater than the third quartile) testosterone levels (62.9 and 309 ng dl À 1 ) at baseline in the abiraterone acetate plus prednisone arm. Similar results were obtained including the outliers (n (%)): (30% reduction, 70 (94.6), 50% reduction, 70 (94.6), 90% reduction, 60 (81.1) and oLLOQ, 36 (48.7)).
Association of androgen reduction and PSA change CJ Ryan et al
Logistic regression analysis demonstrates that the reduction of androgens to undetectable levels increases the odds of achieving a X50% PSA decline ( Table 4 ). The strongest association was observed for androstenedione, for which patients who achieved undetectable serum levels had a threefold greater likelihood of PSA response compared with those who did not (adjusted OR ¼ 3.06; 95% confidence interval: 0.975-9.604). The OR relating undetectable serum testosterone with PSA response was 1.54 (95% confidence interval: 0.546-4.347). However, achieving undetectable serum testosterone was not required for a PSA response with abiraterone acetate (Figure 3 ), as 15 of 109 patients (14%) experienced a X50% decline in PSA without achieving undetectable testosterone. Similar trends were observed for serum androstenedione and DHEAS (data not shown).
The Spearman correlations between androgen change and PSA change at week 12 for abiraterone acetate plus prednisone versus prednisone-treated subjects are shown in Table 5 . Androgen change and PSA change were positively correlated with Spearman correlations ranging from 0.18 to 0.48. All correlations were significant except from that observed with testosterone or androstenedione in the prednisone arm.
In the prednisone arm, serum androgen levels were variably suppressed, with greatest reductions in serum androgens generally associated with greatest reductions in PSA. Of the 10 patients in the prednisone group with PSA decline, nine showed testosterone decline. However, similar findings were observed in the 26 patients in the prednisone arm without any PSA decline, of whom 25 had testosterone decline. These trends were observed in the abiraterone acetate plus prednisone arm and were consistent for both arms in both the androstenedione and DHEAS groups (Supplementary Table 2 ).
Relationship of androgen kinetics with radiographic progressionfree survival and time to PSA progression
We further examined the relationship between androgen kinetics and mCRPC outcome measures of radiographic progression-free survival and time to PSA progression. In a pooled analysis of both treatment arms, comparing patients with X90% decrease in androgen levels versus patients with lesser androgen declines at 12 weeks led to nonsignificant changes in both radiographic progression-free survival and time to PSA progression, lending more evidence of a potential disconnect between serum androgen levels and disease control ( Supplementary Table 3 ).
DISCUSSION
Abiraterone acetate inhibits the CYP17 enzyme complex, a critical mediator of the conversion of pregnenolone and progesterone to androgens. 6 The present data demonstrate that treatment with abiraterone acetate achieved the desired pharmacodynamic effect resulting in reductions of testosterone and other androgens in the vast majority of patients. Reduction of serum androgens was associated with PSA decline in patients receiving abiraterone acetate with prednisone or prednisone alone. Although the reduction of androgens to undetectable levels was more highly associated with PSA declines, achieving post-treatment undetectable androgen levels was not required for a PSA decline to occur, nor was PSA decline always observed. These data support the notion that in those patients in whom reducing serum androgens generate a PSA response to abiraterone acetate, this may occur in conjunction with, or separately from, a reduction in intratumoral androgens, the measurement of which is currently not technically possible in a multicenter clinical trial setting in which tumor biopsy procedures and tissue processing are not standardized. It is apparent from this analysis that androgen decline does not uniformly predict PSA decline, supporting the hypothesis that a variety of mechanisms may lead to progression of mCRPC, 14 including some that are ligand-independent.
A recent analysis of the COU-AA-301 study suggested that baseline serum androgens were prognostic of OS in patients with mCRPC, independent of treatment with abiraterone acetate or prednisone alone. 11 The median OS increased in a stepwise manner per androgen quartile, ranging from 10.4 months for patients in the lowest quartile of serum testosterone to 18.9 months for those in the highest quartile (Po0.0001), regardless of treatment arm in the study. Similar trends were observed for androstenedione and DHEAS. Somewhat paradoxically, in that analysis, the relative benefit of abiraterone acetate was higher in the patients with lower androgen levels, suggesting that the dynamics of androgen change following abiraterone acetate exposure (for example, the degree of decline) may be more important than the baseline androgen milieu in which the disease had progressed, or that intratumoral androgen production is a more important driver of tumor progression in patients with low serum androgens-and Excludes two patients with outlier (three times the interquartile range or greater than the third quartile) testosterone levels (62.9 and 309 ng dl À 1 ) at baseline in the abiraterone acetate plus prednisone arm. Similar results were obtained including the outliers (n (%)): (PSA responders, 20 (27.0); PSA responders with undetectable androgen, 11 (55.0)). Association of androgen reduction and PSA change CJ Ryan et al that abiraterone acetate is able to suppress this process. The current analysis therefore enhances these observations by demonstrating the relationship of decline in androgen to decline in PSA in a subset of the population. The causes for variability in androgen decline in the context of abiraterone acetate therapy merit investigation. Treatment adherence and pharmacologic variables relating to absorption, distribution, metabolism and excretion in particular may affect this. Polymorphisms of CYP17 have been shown to affect prostate cancer incidence 15 and may produce some variation in serum androgen levels in mCRPC as well, 16, 17 and finally, androgen levels vary according to circadian influence. Recognition of these effects and their incorporation into standard of care may prove useful in optimizing therapy with abiraterone acetate.
Given the previous finding that higher baseline androgen levels are associated with a higher likelihood of achieving a PSA decline of X50% during therapy with abiraterone acetate, 11 it is reasonable to hypothesize the presence of a strong positive correlation between androgen decline and PSA decline. The present data demonstrate that, although such a relationship exists, the correlation coefficients were relatively modest ( Table 5 ). Androgen reduction thus serves to confirm that the 'target' (CYP17) has been hit; however, the disconnect between androgen reduction and PSA reduction in some patients precludes androgen response from being Association of androgen reduction and PSA change CJ Ryan et al considered a 'response measure.' In addition, abiraterone acetate may exert antitumor activity by mechanisms other than inhibition of androgen production. Further analysis of the relationship of serum androgens to androgen receptor status is ongoing. Conversely, the observation that lack of response to abiraterone acetate can occur despite near total androgen suppression supports the hypothesis that for many primary resistance to abiraterone acetate may be mostly tumor-mediated (that is, the treatment is hitting the target but the tumor is resistant) as opposed to pharmacodynamic (that is, the drug fails to hit the target, e.g., fails to reduce androgens). This is consistent with prior observations that demonstrated no rise in androgen levels at the time of acquired resistance to abiraterone acetate. 18, 19 Further, it is possible that alternate, unmeasured androgens may activate the androgen receptor through a so-called 'back door' mechanism. What is not known, however, is the relationship between serum androgen reduction and intratumoral androgen reduction, which remains a key limitation on the development of serum androgens as a biomarker in mCRPC.
The reductions in serum androgens with abiraterone acetate plus prednisone were significantly greater than those observed with prednisone. Although reductions to undetectable levels (that is, less than LLOQ) were frequently observed in the abiraterone acetate plus prednisone arm, this was not required for obtaining a PSA response. Prednisone is also capable of reducing androgen levels, which may account for some of its activity in mCRPC. Prednisone reduces adrenal androgen production via a distinct mechanism from abiraterone acetate, namely inhibition of adrenocorticotropin-mediated adrenal stimulation and not direct CYP17 inhibition. 20 Prednisone produced PSA responses in 24% of men with mCRPC who had not received prior chemotherapy in the COU-AA-302 study. 10 It should be noted that most patients in the post-chemotherapy COU-301 setting had already been taking prednisone before study entry such that the PSA response to prednisone is expected to be lower than that in an earlier disease setting.
The present analysis of COU-AA-301 considered the impact of reductions in serum androgens as measured by an ultrasensitive assay. The ultrasensitive (LC)-LC-MS/MS assays used in this study allow for the assessment of heterogeneity of serum androgens below castrate levels, a process that was not previously possible because a large proportion of patients had levels o10 ng dl À 1 , which was considered 'undetectable' with prior radioimmunoassays. One commercially available assay (Quest Diagnostics, Madison, NJ, USA) was unable to account for changes in values o1 ng dl À 1 (LLOQ ¼ 1.0 ng dl À 1 ), whereas those obtained by the current ultrasensitive assay were more precise, showing accurate and reproducible measurement of serum testosterone to an LLOQ of 0.05 ng dl À 1 .
The relationship between serum androgens and intratumoral androgens, and androgen levels in the tumor microenvironment, is the subject of ongoing investigation. 21 In the COU-AA-301 study, above-median baseline serum androgens were associated with better PSA response rates in bivariate and multivariate analyses that accounted for the effects of known prognostic laboratory parameters, including lactate dehydrogenase, hemoglobin, alkaline phosphatase and PSA. 11 In a previous phase II study with ketoconazole, baseline serum androstenedione was predictive of PSA responses, with patients who had higher baseline levels more likely to achieve PSA responses than those with lower levels. 22 The present analysis considered the change from baseline to week 12; patients achieving undetectable serum androgens appeared more likely to achieve PSA responses and the association between PSA response and undetectable androgen levels was also best observed with androstenedione. This analysis does not have sufficient statistical power to evaluate whether changes in serum androgens are associated with OS. However, the present data, along with our recently published findings showing that baseline androgens are prognostic of OS, 11 support further investigation of whether post-treatment reduction of androgens below the previously defined 'castrate' testosterone level (that is, o50 ng dl À 1 ) 23 are associated with outcome. To address this in the current study, we did an exploratory analysis of OS and radiographic progression-free survival outcomes with undetectable versus detectable androgen levels at week 12 but did not observe a significant difference in the pooled patient population regardless of androgen ( Supplementary Table 4 ). Additional studies will depend on the availability of assays that can detect very low serum androgen levels with accuracy and precision. [24] [25] [26] The novel ultrasensitive (LC)-LC-MS/MS assays used in this study have sensitivities of 0.05 ng dl À 1 for testosterone, 0.10 ng dl À 1 for androstenedione and 0.10 mg dl À 1 for DHEAS. These sensitive assays allow for the assessment of the heterogeneity of subcastrate serum androgen levels. Integration of these assays into standard clinical practice may be possible following validation of these results.
In summary, the present data establish an association between reduction in serum androgens and PSA change during CYP17 inhibitor therapy and further support the continued development of serum androgens, measured by ultrasensitive techniques, as pharmacodynamic biomarkers in mCRPC. 
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